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In Brief
The specific role of Cdc5 in mitotic exit
and Cdc5 involvement in Cdc14 release
has been unclear. Rodriguez-Rodriguez
et al. demonstrate that Cdc5 function is
regulated by sequential Cdk1
phosphorylation. Initial phosphorylation
at T242 activates Cdc5, which, in turn,
promotes Cdc14 release. Later,
phosphorylation at T70 contributes to
Cdc5-MEN function.
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To complete mitosis, Saccharomyces cerevisiae
needs to activate the mitotic phosphatase Cdc14.
Two pathways contribute to Cdc14 regulation:
FEAR (Cdc14 early anaphase release) and MEN
(mitotic exit network). Cdc5 polo-like kinase was
found to be an important mitotic exit component.
However, its specific role in mitotic exit regulation
and its involvement in Cdc14 release remain unclear.
Here, we provide insight into the mechanism by
which Cdc5 contributes to the timely release of
Cdc14. Our genetic and biochemical data indicate
that Cdc5 acts in parallel with MEN during anaphase.
ThisMEN-independent Cdc5 function requires active
separase and activation by Cdk1-dependent phos-
phorylation. Cdk1 first phosphorylates Cdc5 to acti-
vate it in early anaphase, and then, in late anaphase,
further phosphorylation of Cdc5 by Cdk1 is needed
to promote its MEN-related functions.INTRODUCTION
The phosphatase Cdc14 is a key regulatory protein of mitotic
exit. Its principal function is to counteract Cdk activity by de-
phosphorylating Cdk targets (Jaspersen et al., 1999; Visintin
et al., 1998). Before anaphase, Cdc14 is kept inactive in the
nucleolus bound to the nucleolar protein Net1 (Shou et al.,
1999; Visintin et al., 1999). The pathways FEAR (Cdc14 early
anaphase release) and MEN (mitotic exit network) activate
Cdc14, thereby promoting its release from the nucleolus.
Many proteins, including separase, Cdk1, PP2ACdc55 (type 2A
protein phosphatase), Zds1, Slk19, Spo12, Bns1, and Fob1,
have been implicated in FEAR-Cdc14 release (reviewed in Moc-
ciaro and Schiebel, 2010; Queralt and Uhlmann, 2008a; Rock
and Amon, 2009). The MEN is a GTPase-driven signaling
cascade associated with the spindle pole body (SPB). The
main switch of this cascade is the small G protein Tem1 and
its regulators: a two-component GAP Bub2–Bfa1 and the puta-
tive exchange factor Lte1. Tem1 and Bub2-Bfa1 asymmetrically
localize to the daughter SPB (dSPB) during mitosis, and their
association with the SPBs is essential for mitotic exit (Bardin
et al., 2000; Hu et al., 2001; Kim et al., 2012; Molk et al., 2004;2050 Cell Reports 15, 2050–2062, May 31, 2016 ª 2016 The Author(s
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Valerio-Santiago and Monje-Casas, 2011). On activation, Tem1
promotes activation of the hippo-related kinase Cdc15, which,
in turn, activates the LATS-related MEN kinase Dbf2-Mob1 via
phosphorylation (Mah et al., 2001; Mohl et al., 2009; Visintin
and Amon, 2001; Visintin et al., 1999). This occurs in two steps:
Cdc15 first creates phospho-docking sites on the MEN scaffold
protein Nud1, and Nud1 phosphorylation recruits Dbf2-Mob1 to
SPBs, followed by Cdc15-dependent activation of Dbf2-Mob1
(Rock et al., 2013). An additional function of the Dbf2-Mob1 com-
plex is to phosphorylate Cdc14 at sites adjacent to its nuclear
localization sequence (NLS), thereby retaining Cdc14 in the cyto-
plasm (Mohl et al., 2009). Cdk1 also negatively regulates the
function of the MEN components Cdc15 and Mob1 (Jaspersen
and Morgan, 2000; Ko¨nig et al., 2010). In an unperturbed cell
cycle, the Bub2-Bfa1 complex inhibits the MEN until the Cdc5
polo-like kinase inactivates it by phosphorylation. The first burst
of Cdc14 release induced by FEAR eventually dephosphorylates
Cdc15, which further activates Cdc14 (Jaspersen and Morgan,
2000; Menssen et al., 2001; Pereira et al., 2002; Stegmeier
et al., 2002).
Downregulation of PP2ACdc55 phosphatase at anaphase onset
facilitates Cdk1-dependent Net1 phosphorylation, which pro-
vokes the first wave of Cdc14 release (Azzam et al., 2004;
Queralt et al., 2006). Zds1 and Zds2 are PP2A-interacting pro-
teins that also participate in the downregulation of PP2ACdc55
(Calabria et al., 2012; Queralt and Uhlmann, 2008b). Recent re-
sults from our laboratory showed that the downregulation of
PP2ACdc55 phosphatase also regulates MEN activity. We pro-
pose that PP2ACdc55 phosphatase acts as a functional link be-
tween FEAR and MEN, due to its action on Bfa1 and Mob1
(Baro et al., 2013). Therefore, cells would initiate FEAR and
MEN at anaphase onset on PP2ACdc55 downregulation, whereas
Cdk1-Clb2 would impose a break in MEN activation, and reduc-
tion of Cdk1 activity would be the mechanism that sequentially
activates both pathways.
Cdc5-polo kinase was proposed to be involved in Cdc14
release from the nucleolus, since Cdc5 thermo-sensitive mu-
tants were found to have defects in Cdc14 release (Pereira
et al., 2002; Stegmeier et al., 2002; Yoshida and Toh-e, 2002).
This is supported by the fact that ectopic expression of Cdc5
is able to induce the release of Cdc14 from the nucleolus
(Shou andDeshaies, 2002; Visintin et al., 2003). Altogether, these
data suggest a direct regulation of Cdc5 in the localization of
Cdc14 prior to and independent of its role as a MEN activator.).
creativecommons.org/licenses/by-nc-nd/4.0/).
However, the specific role of Cdc5 in mitotic exit regulation and
its involvement in Cdc14 release remain unknown. A recent
paper highlights the essentiality of the FEAR network and
Cdc5 for the elongation of the anaphase spindle (Roccuzzo
et al., 2015). Here, we propose that Cdc5 polo-like kinase has
a MEN-independent and parallel role in the regulation of Cdc14
activation. It has already been reported that Cdc5 can phosphor-
ylate Net1 in vitro (Shou et al., 2002), but its relevance in vivo is
still not well understood. We have observed that Cdc5-induced
Cdc14 activation does not involve Cdk1-dependent Net1 phos-
phorylation, but instead Cdc5 phosphorylates Net1 at alternative
serine/threonine residues spanning amino acids 1 to 600. Cdc5-
dependent Cdc14 release from the nucleolus requires prior Cdc5
activation by Cdk1 phosphorylation. Besides Cdk1 activation,
the FEAR-Cdc5 also requires active separase to promote
Cdc14 release. Cdk1 initially phosphorylates Cdc5, mostly at
T242 and T238 (T242 phosphorylation is especially relevant
based on our results), and phosphorylation activates its kinase
activity, which is essential for anaphase progression. Later on,
Cdk1 phosphorylation, mostly at T70, is required to maintain
Cdc14 released in late anaphase. Our data are consistent with
a model in which FEAR-Cdc14 is released on Cdk1 phosphory-
lation by separase-PP2A function and Cdc5, which has already
been activated by Cdk1, sustains Net1 phosphorylation. Later
on, Cdc5 indirectly contributes to maintaining Cdc14 release
through Bfa1 phosphorylation.
RESULTS
Cdc5, along with Cdk1-Clb2, Contributes to the Release
of Cdc14
The ectopic expression of Cdc5 has been shown to induce
Cdc14 release and Net1 phosphorylation in metaphase (Man-
zoni et al., 2010; Visintin et al., 2003). However, this effect is
not observed in arrested G1 phase cells (Figure S1A), indicating
that the mechanism by which Cdc5 promotes Cdc14 release is
dependent on the presence of some M phase components.
Intriguingly, cells arrested with hydroxyurea show similar
Cdc14 activation on Cdc5 overexpression compared with meta-
phase-arrested cells (Figures S1A and S1B). Given that the
complex formed by Cdk1-Clb2 is accumulated in hydroxyurea-
arrested cells (Figure S1B) and highly active in metaphase, while
Cdk1 activity is low in the G1 phase, we hypothesized that Cdc5
requires Cdk1-Clb2 to promote Cdc14 release.
To investigate the relative contribution of Cdk1-Clb2 and Cdc5
polo-like kinase and their relative importance in triggeringmitotic
exit, we studied the effects of polo overexpression in the
absence of Cdk1 activity. Cells carrying the ATP analog (1NM-
PP1)-sensitive Cdk1 allele cdc28-as1 (Bishop et al., 2000) were
arrested in metaphase by Cdc20 depletion, then 1NM-PP1
was added, and Cdc5 ectopic expression induced. Cells con-
taining wild-type Cdc28 released Cdc14 from the nucleolus,
and Net1 was concomitantly phosphorylated as expected, but
inhibition of Cdc28-as1 by 1NM-PP1 efficiently blocked Cdc14
release and Net1 phosphorylation (Figure 1A). A similar effect
was observed by inducing Cdc5 in a Dclb2 mutant (Figure 1B).
These results suggest that Cdc5-induced Cdc14 release
depends on Cdk1-Clb2 activity. The overexpressed Cdc5kinase might not be active in the absence of Cdk1-Clb2 activity,
since Cdc5 is activated by Cdk1 phosphorylation (Mortensen
et al., 2005). First, to investigate whether Cdc14 release on
Cdc5 induction does require active Cdc5 kinase activity, we
repeated the experiment using a kinase-death version of Cdc5
(cdc5N209A). On cdc5N209A induction, neither Net1 phosphor-
ylation nor Cdc14 release was observed, suggesting that active
Cdc5 kinase is required (Figure S2A). Second, to determine
whether overexpressed polo is active as a kinase, we examined
the Cdc5 kinase activity in cells lacking Cdk1 activity. Cdc5 ki-
nase activity is impaired in the absence of Cdk1 activity and in
a Dclb2 mutant (Figure 1C). Consistently, Bfa1 (a well-known
Cdc5 substrate) was not phosphorylated on Cdc5 induction in
cdc28-as1 cells (Figure 1A). Finally, we checked the Cdc5 phos-
pho-isoforms in a Phos-tag gel in either cdc28-as1 or Dclb2
mutant strains. In the control cells, we could observe several
slower migrations forms of Cdc5 corresponding to phosphoryla-
tion isoforms, whereas these phospho-isoforms were reduced in
the absence of Cdk1 activity (Figure 1D). Therefore, Cdc5 phos-
phorylation in vivo is impaired when Cdk1 activity is abolished.
On the other hand, Cdc14 activation during early anaphase
depends on Cdk1-dependent phosphorylation of the Cdc14 in-
hibitor Net1 (Azzam et al., 2004; Queralt et al., 2006). To establish
whether Cdc14 release by ectopic Cdc5 expression involves
Cdk1-dependent Net1 phosphorylation, we repeated the exper-
iment using the net1-6Cdk mutant, which lacks six Cdk phos-
phorylation sites required for early Cdc14 release (Azzam et al.,
2004). In a strain carrying the net1-6Cdk allele, Net1 was phos-
phorylated and Cdc14 was released from the nucleolus as it
occurs with the wild-type strain (Figure S2B). This result indi-
cates that Cdk1-dependent Net1 phosphorylation is not required
for Cdc5-induced Cdc14 release and suggests that Cdc5
polo-like kinase phosphorylates different residues within Net1.
However, we cannot rule out the possibility that Cdk1 phosphor-
ylation in different residues from those at the Net1 6Cdk
sites might be important for priming Cdc5-dependent Net1
phosphorylation.
The 6Cdk sites reside within the N-terminal region of Net1.
Deletion analysis revealed that amino acids 1 to 600 of Net1
were necessary and sufficient for Cdc14 interaction and seques-
tration into the nucleolus (Azzam et al., 2004; Shou et al., 2001).
To check whether Cdc5-dependent Cdc14 release requires the
same N-terminal Net1 region, we repeated the experiment in a
strain containing a Net1-truncated protein spanning amino acids
1 to 600 (Net1(1-600)). As a control we used separase ectopic
expression, since separase-induced-Cdc14 release mainly de-
pends on 6-Cdk1 sites (Queralt et al., 2006). Cells were arrested
in metaphase by Cdc20 depletion, and separase or Cdc5
expression was induced by galactose addition in a strain con-
taining Net1-600 (Figure S2C). Net1 phosphorylation became
concurrently detectable with Cdc14 release from the nucleolus
in both strains. This result suggests that the N-terminal region
of Net1 is important for Cdc5-dependent Cdc14 release. The
net1-6Cdk mutant contains the Cdk1 sites required for Cdc14
release mutated to alanine. Since the same N-terminal region
of Net1 is also sufficient to release Cdc14 on Cdc5 induction,
we can surmise that no additional Net1-dependent Cdk1 sites
are required after Cdc5 overexpression. In addition, Cdc14Cell Reports 15, 2050–2062, May 31, 2016 2051
Figure 1. Cdc5-Induced Cdc14 Release Requires Cdc28-Clb2 Activity
(A) The inactivation of cdc28-as1 impedes nucleolar Cdc14 release on Cdc5 induction. Strains Y557 and Y558 were arrested in metaphase by the depletion of
Cdc20. 125 nM 1NM-PP1 was added to inhibit cdc28-as1, and ectopic expression of Cdc5 was induced. See also Figures S1 and S2.
(B) Cdc5 requires the presence of cyclin Clb2 to activate Cdc14. Strains Y918 and Y1031 were arrested in metaphase, and Cdc5 expression was induced.
(C) Impaired Cdc5 kinase activity in absence of Cdk1-Clb2. Strains Y467, Y522, and Y660 were arrested in metaphase; 125 nM 1NM-PP1 was added to inhibit
cdc28-as1; and ectopic expression of Cdc5 was induced for 120 min. The strain Y467, maintained in glucose, was used as an untagged control for the kinase
assay. Data are represented as mean ± SD. An example of the quantitative western blot for the immunopurified Cdc5 and ProQdiamond signal for the phos-
phorylated casein substrate is shown.
(D) Defective Cdc5 phosphorylation in the absence of Cdk1-Clb2 activity. Same strains as in (C). Phos-tag gels were used to separate the phospho-isoforms.
See also Figures S1 and S2.phosphatase activity was similar on Cdc5 induction using either
the full-length Net1 or the Net1(1-600) (Figure S2D). Strikingly,
the phospho-isoforms of Net1 were different in the two strains.
For this reason, we wondered whether released-Cdc14 was
equally active as a phosphatase. We measured Cdc14 activity
in vitro in metaphase-arrested cells and on separase/Cdc5 in-
duction. Immunopurifed Cdc14 was incubated in the presence2052 Cell Reports 15, 2050–2062, May 31, 2016of DiFMUP substrate and phosphatase activity was determined.
As observed in Figure S2E, Cdc14 activity doubled in both
strains after galactose induction. Therefore, Cdc14 phosphatase
activity was similar after separase and Cdc5 polo-like kinase
ectopic expression. These results suggest that Cdc5 promotes
Cdc14 release by phosphorylating Net1 directly in different sites
to Cdk1.
Figure 2. Phosphorylation at Residues T70, T238, and T242 Is Required for Cdc5 Activity
(A) Phosphorylation at T70, T238, and T242 is not detected in the absence of Cdk1. Strains Y557 and Y558 were arrested in metaphase; 125 nM 1NM-PP1 was
added to inhibit cdc28-as1; and ectopic expression of Cdc5 was induced for 120 min. Cdc5-myc was immunopurified. Phosphopeptides were enriched by TiO2
and identified by mass spectrometry.
(B) Defective Cdc5 phosphorylation in the non-phosphorylable mutants. Strains Y467, Y1225, Y1412, Y1238, Y1371, and Y1370 were arrested in metaphase by
the depletion of Cdc20, and ectopic expression of Cdc5 was induced for 120 min.
(C) Impaired Cdc5 kinase activity in the non-phosphorylable mutants. Same strains as in (B). Data are represented as the mean ± SD.
(D) Phosphorylation of Cdc5 on four sites is required for Cdc5-induced Cdc14 activation. Strains Y571, Y1271, and Y1272 were arrested inmetaphase, and Cdc5
expression was induced.
See also Tables S1, S2, and S3.Cdc5-Dependent Cdc14 Release Requires prior Cdc5
Activation by Cdk1
The results reported above suggest that Cdk1 may increase
Cdc5 activity or target Cdc5 to Net1 without activity change.
To distinguish between these possibilities, we analyzed Cdc5
phosphorylation sites in metaphase cells when Cdk1 activity
was high. We immunopurified Cdc5 in metaphase-arrested
cells and subjected it to mass spectrometry. Four serine/
threonine residues within Cdc5 were identified as putative
phosphorylation sites (Table S1): T70, T238, T242, and S419.
Interestingly, T70, T242, and S419 phosphorylation sites are
Cdk1 minimal consensus sites (S/T P). Cdk1 phosphorylation
at T242 is known to be essential and required for Cdc5 activa-
tion (Mortensen et al., 2005). In order to investigate which resi-dues in Cdc5 are phosphorylated by Cdk1, we repeated the
mass spectrometry analysis in a cdc28-as1 mutant. Since
endogenous Cdc5 levels were reduced in the cdc28-as1 allele,
we ectopically expressed Cdc5 in a control and cdc28-as1
strains. After 120 min of Cdc5 induction, cells were harvested,
Cdc5 was immunopurified, and phosphopeptides were en-
riched using TiO2 columns before mass spectrometry analysis.
Phosphorylation at residues T70, T238, and T242 were not de-
tected in the absence of Cdk1 activity in three independent
purifications (Figure 2A; Table S2). This result suggests that
Cdk1 is required for T70 and T242 phosphorylation. The T238
is not within a Cdk1 consensus site, indicating that Cdk1 might
also regulate the activity of the kinase responsible for T238
phosphorylation.Cell Reports 15, 2050–2062, May 31, 2016 2053
To determine whether any of these residues are required for
Cdc5 phosphorylation in vivo, we prepared strains containing
CDC5 under the galactose promoter and these residuesmutated
to alanine. First, we studied the Cdc5 phosphorylation in
the mutants using Phostag gels. Reduced Cdc5 phosphoryla-
tion was observed in the cdc5T70A, cdc5T238A, cdc5T242A,
triple cdc5-T70A_cdc5T238A_cdc5S419A (hereafter cdc5-3A)
and quadruple cdc5T70A_cdc5T238A_cdc5T242A_cdc5S419A
(hereafter cdc5-4A) mutant alleles (Figure 2B). These data indi-
cate that Cdc5 residues 70, 238, and 242 are phosphorylated
in vivo. Consistently, the Cdc5 specific kinase activity was
reduced in the mutant cells for those residues: 70, 238, and
242 (Figure 2C). The mutant containing the T242A presented
the lower Cdc5 kinase activity. This is consistent with this residue
being part of the activation loop within Cdc5 active site. Second,
we studied the ability of the mutants to promote the Cdc14
release from the nucleolus. Induction of triple cdc5-3A and
quadruple cdc5-4A mutant alleles were not able to release
Cdc14 or phosphorylate Net1 (Figure 2D). These results suggest
that Cdc5 might require the phosphorylation on these four sites
to induce the activation of Cdc14.
Next, we studied the non-phosphorylable mutants separately
to identify which residue contributes most to Cdc5 activation. On
induction of cdc5T70A, cdc5T238A and cdc5S419A in meta-
phase-arrested cells Net1 phosphorylation and Cdc14 release
occurred with the same kinetics as wild-type Cdc5 overexpres-
sion (Figures 3A and S3B). Unlike in control cells, Net1 phos-
phorylation and Cdc14 release from the nucleolus were impaired
on induction of the cdc5T242Amutant allele (Figures 3A and 3B).
The same results were obtained in a similar experiment using
strains with no tags on Net1 and Cdc14 tagged (Figure S3C).
Therefore, Cdk1-dependent phosphorylation predominantly at
residue T242 is required for Cdc5-induced Cdc14 release. To
confirm our results, we measured Cdc14 phosphatase activity
on induction of the Cdc5 non-phosphorylable mutants. Unlike
in the case of wild-type Cdc5 induction, the cdc5T242A mutant
had reduced Cdc14 phosphatase activity during the induction
time-course (Figure 3B). When we measured Cdc5 kinase activ-
ity after purification of the ectopically expressed Cdc5 mutant
versions, we observed lower cdc5T242A kinase activity relative
to control Cdc5, while the phospho-mimetic cdc5T242EE (see
below) was active as a kinase under these conditions, although
less than control Cdc5 (Figure 3C). Together, these results sug-
gest that Cdc5 activation by Cdk1 is necessary for Cdc50s role in
releasing Cdc14 from the nucleolus. We also examined whether
Cdc5 and Cdk1 physically interact. Co-immunoprecipitation ex-
periments showed that Cdc5 co-purified with Cdc28 during
metaphase and early anaphase (Figure 3D). This is consistent
with Cdc5 being a Cdc28-Clb2 target, as previously described
(Mortensen et al., 2005), and suggests that Cdk1may phosphor-
ylate Cdc5 in early mitosis.
To determine whether Cdk1-dependent Cdc5 phosphoryla-
tion is sufficient to fully activate Cdc5 kinase, we converted the
Cdc5 T242 residue into a phospho-mimetic mutant by changing
this site into two glutamics (Strickfaden et al., 2007). We
arrested cells in metaphase by Cdc20 depletion and induced
cdc5T242EE by adding galactose (Figure 3A). Net1 phosphory-
lation and Cdc14 release were similar to those in wild-type2054 Cell Reports 15, 2050–2062, May 31, 2016Cdc5. More interestingly, Cdc14 phosphatase activity concom-
itantly doubled with Cdc5 induction, similar to what occurred in
the control (Figure 3B). Then, to determine whether Cdc5 phos-
phorylation by Cdk1 is sufficient to activate Cdc5 kinase, we
induced Cdc5 phospho-mimetic mutants in a Dclb2 deletion
mutant. As can be seen in Figure 3E, induction of cdc5T242EE
was able to partially rescue the Cdc14 release defects of the
Dclb2 mutant. We did not observe any recovery of Net1 phos-
phorylation in the cdc5T242EE mutant. However, Net1 phos-
phorylation is often difficult to detect when Cdc14 is partially
released (Calabria et al., 2012). To further characterize Cdc14
release in the Dclb2 mutant, we distinguished between partial
(nuclear) and full (nuclear and cytoplasmic) release. On induction
of cdc5T242EE, Cdc14 partial release was similar to the wild-
type strain, while fully released Cdc14 was slightly lower (Fig-
ure 3E, lower). This suggests that cdc5T242EE induction can
release Cdc14 in the absence of Clb2, but with slower kinetics
than in the wild-type strain. Moreover, Cdc14 phosphatase ac-
tivity concomitantly increased over the induction time course
with Cdc14 release from the nucleolus (Figure 3F). This means
that Cdk1-dependent Cdc5 phosphorylation is necessary and
sufficient for Cdc5-induced Cdc14 activation.
Cdc5-Dependent Cdc14 Release Requires Cdc5
Activation by Cdk1 at the Metaphase-Anaphase
Transition
To explicitly examine the role of Cdc5 during mitotic exit, we
analyzed mitotic progression without Cdc5 activity. The Cdc5
thermo-sensitive mutants used in previous experiments were
not always null mutants, and different results were obtained
from various thermo-sensitive alleles (Pereira et al., 2002; Steg-
meier et al., 2002; Visintin et al., 2008; Yoshida and Toh-e, 2002).
For this reason, we re-examined the phenotype of Cdc5 mutants
using different methods to inactivate Cdc5. First, we expressed
Cdc5 under theMET3 promoter and turned off Cdc5 expression
during the metaphase block by Cdc20 depletion. Cells were
released frommetaphase in the presence of methionine to avoid
Cdc5 expression. Under these conditions, Cdc5 levels were
almost undetectable during mitosis and cells arrested in late
mitosis (Figure S4A). Cdc14 was transiently released from the
nucleolus in early anaphase and quickly resequestered during
late anaphase, reminiscent of what occurs with MEN mutants.
Second, we inactivated Cdc5 using a thermo-sensitive degron
system. After release from a metaphase block by Cdc20 deple-
tion, cdc5-dgts showed mild defects in Cdc14 release from the
nucleolus, although cells were blocked in late anaphase (Fig-
ure S4B). Finally, we used the cdc5-as1 allele, which can be in-
hibited using an ATP analog (cdc5-as1). Cells were synchronized
in metaphase by Cdc20 depletion, then cdc5-as1 was inhibited
with Cmk, and Cdc20 was reintroduced to release cells in a syn-
chronous anaphase. Control cells containing wild-type Cdc5
activated Cdc14 and completed mitotic exit (Figure 4A). In
contrast, Cdc14 release was greatly reduced in cdc5-as1 cells,
which were arrested in late anaphase. We also measured
Cdc14 release with respect to spindle length, as an indicator of
the anaphase progression. The first wave of Cdc14 release
occurred at spindle lengths between 2–4 mm in wild-type cells,
but was not detected in the cdc5-as1 cells. Cdc14 release was
Figure 3. Phosphorylation of Cdc5 on Threonine
242 by Cdc28-Clb2 Is Required for Cdc5-
Induced Cdc14 Activation
(A) Phosphorylation of T242 and not T238 is required for
Cdc5-induced Cdc14 release. Strains Y571, Y1227,
Y919, and Y1116 were arrested in metaphase, and
cdc5T238A and cdc5T242A as non-phosphorylable
and cdc5T242EE as phospho-mimetic versions of
Cdc5 were induced. See also Figure S3.
(B) Cells lack Cdc14 phosphatase activity on induction
of the non-phosphorylable mutant cdc5T242A. Same
strains as in (A). The phosphatase Cdc14 was
immunoprecipitated on overexpression of Cdc5,
cdc5T238A, cdc5T242A, or cdc5T242EE. Then phos-
phatase activity was measured using DiFMUP as a
substrate. Scale bar represents 2 mm.
(C) Cdc5 kinase activity depends on Cdc28-Clb2
phosphorylation on its T242. Strains Y571, Y919, and
Y1116 were arrested in metaphase, and galactose was
added to induce Cdc5 ectopic expression. Data are
represented as mean ± SD.
(D) Cdc5 interacts with Cdc28-Clb2 in mitosis. Co-
immunoprecipitation between Cdc28-Clb2 and Cdc5
was analyzed in protein extracts from strain Y2090 in
the metaphase to anaphase transition. Cells lacking a
Pk epitope were used as a control, Y905.
(E) Overexpression of the constitutively active version
cdc5-T242EE recovers nucleolar Cdc14 release in a
Dclb2mutant. Strains Y571, Y1186, Y1060, and Y1115
were arrested in metaphase by Cdc20 depletion, and
Cdc5, cdc5T242A, or cdc5T242EE ectopic expression
was induced. Partial and full releases of Cdc14 were
studied by counting at least 100 cells at each time.
(F) Cdc28-Clb2 phosphorylation on T242 is required for
Cdc5-induced Cdc14 activation. Cdc14 activities were
measured on overexpression of Cdc5, cdc5T242A, or
cdc5T242EE in both wild-type cells and Dclb2 mutant
cells. The following strains were used: Y467 and Y660
(left), Y919 and Y1060 (middle), and Y1116 and Y1115
(right).
See also Figure S3.
Cell Reports 15, 2050–2062, May 31, 2016 2055
Figure 4. Cdc14 Release Is Impaired in the Absence of Cdc5
(A) Defective Cdc14 activation and exit from mitosis in cdc5-as1 cells. Strains Y824 and Y1221 were synchronized in metaphase by Cdc20 depletion and cdc5-
as1 was inactivated adding 5 mM Cmk 60 min before Cdc20 readdition. Fluorescence-activated cell sorting analysis of DNA content was used to monitor cell-
cycle progression. See also Figure S4.
(B) Cdc5 activation by Cdk1-phosphorylation at four sites is required for Cdc14 release andmitosis progression. Strains Y1202, Y1265, and Y1266 were arrested
by Cdc20 depletion, and 5 mM Cmk was added 60 min before Cdc20 reintroduction. Cdc14 nucleolar release was analyzed as a function of spindle length.
See also Figures S4 and S5.also impaired in cdc5-as1 cells with longer spindles (4–10 mm).
A similar result was obtained after a G1 arrest and release exper-
iment using a-factor (Figure S4C). These results are consistent
with a role of Cdc5 in Cdc14 activation during early and late
anaphase.
To study the requirement for Cdk1-dependent activation of
Cdc5 during mitosis, we introduced the Cdc5 non-phosphoryl-
able mutants at endogenous levels in a cdc5-as1 mutant back-
ground. The cdc5T238A and the cdc5S419A are viable, and
they grow similar to control cells (Figure S5A). Interestingly, the
cdc5T242A, cdc5-3A, and cdc5-4A mutations are lethal, while
the viability in the cdc5T70A mutant is impaired (Figure S5A).
Moreover, the cdc5-3A mutant showed a delay of 10 min in the
mitotic progression, and Cdc14 release occurred without de-
fects in early and mid-anaphase, but was reduced in late
anaphase (spindle length 6–10 mm; Figure 4B), reminiscent of
what is observed in MEN mutants. In the quadruple cdc5-4A
mutant, Cdc14 release was greatly impaired, similarly to what
occurs with the cdc5-as1 mutant. These results suggest that
Cdk1 phosphorylation within Cdc5 is required for proper mitosis
progression.2056 Cell Reports 15, 2050–2062, May 31, 2016Next, we examined the phenotype of the single non-phos-
phorylable mutants. Mitotic progression and Cdc14 release de-
fects of cdc5-as1 mutants were reversed by endogenous
expression of cdc5S419A (Figure S5B), indicating that Cdc5
S419 alone is dispensable for Cdc14 activation. However, the
expression of either cdc5T238A or cdc5T242A showed impaired
Cdc14 release from the nucleolus in cdc5-as1 cells released
from metaphase block after treatment with Cmk (Figure S6).
This defective activation of Cdc14was greater in cdc5T242A-ex-
pressing cells, resembling those found in the cdc5-as1 mutant,
while Cdc14 was partially released at early anaphase in the
cdc5T238A mutant. The T238 and T242 residues are both part
of the activation loop of Cdc5, so phosphorylation of the activa-
tion loop seems to be important for Cdc5 activity. However,
when the two mutations were combined (cdc5T238A_T242A),
the Cdc14 release resembles that observed in the cdc5T242A
single mutant (Figure S6), indicating that phosphorylation of
T242A is more important for the role of Cdc5 in regulating
Cdc14 activation. Finally, we introduced the phospho-mimetic
mutant cdc5T242EE (Figure 5) and observed that Cdc14 release
was recovered during early and mid-anaphase, although Cdc14
Figure 5. Phosphorylation of the Cdc5 Site T242 Is Required for Cdc14 Release in the Metaphase-to-Anaphase Transition
Strains Y1202, Y1257, and Y1264 were arrested in metaphase by depletion of Cdc20; 5 mM Cmk was added 60 min before reintroduction of CDC20. Scale
bar represents 2 mm.resequestration in late anaphase and mitotic exit were delayed
compared to wild-type cells. Together, these results indicate
that phosphorylation at T242 is essential for Cdc14 activation.
In the cdc5T70A mutant, mitotic progression was delayed by
10min, and Cdc14 release was reduced in late anaphase, similar
to what occurs in the triple mutant (spindle length 6–10 mm; Fig-
ure 6A). Therefore, phosphorylation of Cdc5 T70 might be the
most important factor in the MEN-dependent function of Cdc5.MENmutants are synthetic lethal with FEARmutants, and there-
fore we investigated whether the cdc5T70A mutants follow
similar genetic interactions. The double mutant cdc5T70A
spo12D is synthetic lethal, suggesting a MEN-related function
for cdc5T70A (Figure S5C). If cdc5T70A is specifically defective
in MEN activation, alleviation of the inhibitory MEN signal by de-
leting BFA1 should restore full MEN Cdc14 release. Deletion of
BFA1 in the cdc5T70A and the triple cdc5-3Amutants recoveredCell Reports 15, 2050–2062, May 31, 2016 2057
Figure 6. Cdc5 Phosphorylation on T70 Plays a Role in Late Anaphase
(A) cdc5T70A mutant causes an ineffective Cdc14 release in late anaphase cells and delays mitotic exit. Strains Y1202 and Y1255 were arrested by Cdc20
depletion, and 5 mM Cmk was added 60 min before Cdc20 reintroduction.
(B) Deletion of BFA1 rescued the Cdc14 release defects of the cdc5T70A and cdc5-3A mutants. Strains Y1372, Y1363, and Y1364 were arrested by Cdc20
depletion, and 5 mM Cmk was added 60 min before Cdc20 readdition.
(C) Defective Dbf2 kinase activity in the cdc5T70A and cdc5-3Amutants. Strains Y1357, Y1368, and Y1369were arrested byCdc20 depletion, and 5 mMCmkwas
added 60 min before Cdc20 reintroduction. Cells were harvested after 30 min of the metaphase release, when 70% of the cells are on anaphase. An untagged
Dbf2 strain was used as a control (strain Y824). Data are represented as mean ± SD.
(D) ImpairedCdc5 kinase activity in cdc5T70A and cdc5-3Amutants. Strains Y467, Y1238, and Y1371were arrested inmetaphase by the depletion of Cdc20, and
ectopic expression of Cdc5 was induced for 120 min. Bacterial purified Net1 and Bfa1 were used as substrates in the kinase assays. Data are represented as
mean ± SD.
See also Figure S6.the Cdc14 release and alleviate the delay in mitotic progression
(Figure 6B). Therefore, phosphorylation at T70 is required for
MEN-Cdc5 to maintain Cdc14 release from the nucleolus. To
further confirm this result, we tested MEN activity by analyzing
the Dbf2 kinase activity during anaphase. Dbf2 specific kinase
activity was reduced in cdc5T70A and in cdc5-3A mutants
compare to control cells (Figure 6C). We can conclude that
cdc5T70A cells are specifically defective in MEN activation.
Next, in order to study the role of Cdc5 T70 phosphorylation,
we first analyzed the Cdc5 localization. Cdc5 localization did
not change in the non-phosphorylable mutants, being always
predominantly nuclear. Differential Cdc5 phosphorylation could
regulate substrate specificity, and for this reason, we performed
kinase assays using bacterial-purified Net1 and Bfa1 as a sub-
strate. Consistent with our previous experiments using a general2058 Cell Reports 15, 2050–2062, May 31, 2016phosphorylation substrate (Figure 2C), Cdc5-specific kinase ac-
tivity was reduced in cdc5T70A and cdc5-3A mutant cells;
reduction was more pronounced on the Bfa1 substrate (Fig-
ure 6D). This result suggests that Bfa1 is more sensitive to
changes in Cdc5-specific kinase activity.
Cdc5 Has a Role Parallel to MEN that Induces Cdc14
Release from the Nucleolus
To determine whether Cdc5 induces Cdc14 release solely
through the MEN, we repeated our Cdc5-induction experiments
in a dbf2-2 mutant background. Cells were arrested in meta-
phase by Cdc20 depletion and shifted to 37C for 60 min before
Cdc5 induction. The dbf2-2 mutant released Cdc14 from the
nucleolus on Cdc5 induction (Figure 7A). Net1 was only partially
phosphorylated since no MEN-dependent Net1 phosphorylation
Figure 7. Cdc5 Induces Cdc14 Nucleolar Release in Parallel with MEN Signaling and Requires Separase and Previous Activation by Cdk1
(A) Ectopic expression of CDC5 recovers dbf2-2 mutant viability and Cdc14 activation. To study the viability of dbf2-2 on Cdc5 induction, strains Y700, Y602,
Y844, Y1204, and 1205 were streaked on YP-galactose plates and incubated at 37C for 48 hr. YPD plates at 25C were used as controls. To analyze Cdc14
release and Net1 phosphorylation in dbf2-2 mutants on Cdc5 or cdc5T242A induction, strains Y571, Y1253, and Y1254 were arrested in metaphase by Cdc20
depletion, dbf2-2 was inactivated at 37C for 2 hr, and then Cdc5 was induced by galactose addition.
(B) Separase is required for Cdc5-induced Cdc14 release. Strains Y571, Y1114, and Y1252 were arrested in metaphase by Cdc20 depletion; esp1-2 was in-
activated at 32C for 1 hr; and Cdc5 was induced by galactose addition.
(C) The abrogation of the separase function diminishes Cdc5 activity. Strains Y467 and Y1114 were arrested inmetaphase, and separase was inactivated at 32C
for 1 hr. Data are represented as mean ± SD. See also Figure S7.
(D) Model of the mitotic exit. FEAR-Cdc14 is released on Cdk1 phosphorylation (FEAR-Esp1) and immediately after FEAR-Cdc5, which is also already activated
by Cdk1 phosphorylation on T242, sustains Net1 phosphorylation. Later on, Cdc5-T70 phosphorylation by Cdk1 further activates Cdc5 in late anaphase to
maintain Cdc14 release.
See also Figure S7.is expected in the absence of Dbf2 kinase. In addition, high levels
of Cdc5 were able to rescue the viability of the dbf2-2 allele at
37C. Therefore, Cdc5 promoted Cdc14 release in a MEN-inde-
pendent manner, apart from regulating the upstream MEN
components via Bfa1 phosphorylation. This is consistent with
previous findings that Cdc5 does not regulate MEN downstream
from Cdc15 (Visintin et al., 2003, 2008). Moreover, to determine
whether Cdc5 requires sustained Cdk1-phosphorylation in
anaphase, we used a Cdc5 mutant that cannot be phosphory-
lated by Cdk1, cdc5T242A. High levels of cdc5T242A were not
able to rescue the viability of the dbf2-2 allele at restrictive tem-perature and Cdc14 release from the nucleolus was impaired.
These results suggest that the MEN-independent role of Cdc5
in the activation of Cdc14 also requires Cdk1 activation.
Cdc5 Requires Separase to Induce Cdc14 Release from
the Nucleolus
To establish whether Cdc5 also functions in a FEAR-dependent
manner, we repeated our Cdc5-induction experiments in an
esp1-2 mutant allele. We arrested cells in metaphase by
Cdc20 depletion and shifted them to 32C for 120 min before
Cdc5 induction. Net1 was phosphorylated and Cdc14 releasedCell Reports 15, 2050–2062, May 31, 2016 2059
from the nucleolus in wild-type cells as expected, but inactiva-
tion of the esp1-2 allele efficiently blocked Cdc14 release and
Net1 phosphorylation (Figure 7B). In addition, ectopic expres-
sion of Cdc5 was not able to rescue the viability of the esp1-2
allele at a restrictive temperature (Figure S7A), and Cdc5 kinase
activity was impaired under these conditions (Figure 7C). Inter-
estingly, these results suggest that Cdc14 release induced by
overproduced Cdc5 might require separase function.
Next, we investigated whether ectopic expression of a consti-
tutive active version of Cdc5, cdc5T242EE rescues the afore-
mentioned Cdc14 activation defects of the esp1-2 allele. Cells
did not grow at restrictive temperature on cdc5T242EE induction
in the esp1-2 background (Figure S7B). However, rescue of the
viability of the esp1-2 allele is not expected unless it also rescues
the chromosome segregation defects of the esp1-2 mutant. For
this reason, we checked the Cdc14 localization under these
conditions. Cdc14 was not released from the nucleolus on
cdc5T242EE induction in the esp1-2 background (Figure 7B).
Therefore, we can conclude that Cdc5 requires, in addition to
Cdk1 activation, active separase to promote Cdc14 release
from the nucleolus.
DISCUSSION
The specific role of FEAR-Cdc5 in mitotic exit regulation and its
involvement in Cdc14 has not been understood until now. Cdc5
polo-like kinase was initially thought to be important in early
anaphase since its overexpression was seen to rescue some
FEAR mutant phenotypes by increasing Cdc14 release (Visintin
et al., 2003). Cdc5 was also proposed to be a component of
the FEAR network since Cdc5 mutants show impaired release
of Cdc14 from the nucleolus during early anaphase (Pereira
et al., 2002; Stegmeier et al., 2002; Yoshida and Toh-e, 2002).
However, previous studies identified Cdk1, but not polo, as the
kinase responsible for separase-induced Net1 phosphorylation
and Cdc14 release (Azzam et al., 2004; Queralt et al., 2006).
The present work provides insights into Cdc5 regulation by
Cdk phosphorylation.
We propose that polo contributes to Cdc14 release by pro-
moting Net1 phosphorylation in the presence of Cdc28-Clb2 ki-
nase activity. Our results demonstrate that Cdc5 requires
sequential Cdk1-dependent phosphorylation during mitosis in
order to promote Cdc14 release from the nucleolus. In addition,
separase-induced Cdc14 release occurs in the absence of Cdc5
activity (Queralt et al., 2006) (Figure S7C). However, since our
epistasis studies are not performed in a null-esp1 mutant,
Cdc5 might act downstream, upstream, or in parallel to sepa-
rase. Cdc5-dependent Net1 phosphorylation and Cdc14 release
from the nucleolus require prior Cdc5 activation by Cdk1 and
active separase to promote Cdc14 activation. Our data are
consistent with a model in which FEAR-Cdc14 is released on
Cdk1 phosphorylation and Cdc5, previously activated by Cdk1
activation at T238 and T242, sustains Net1 phosphorylation (Fig-
ure 7D). Subsequently, in late anaphase, Cdc5 also helps to
maintain Cdc14 activation after being phosphorylated by
Cdk1, mostly at T70. In cdc5-as1 mutant cells, MEN cannot be
activated by Cdc5-dependent Bfa1 phosphorylation, and the
MEN-independent role of Cdc5 is compromised. Our results2060 Cell Reports 15, 2050–2062, May 31, 2016support a model in which Cdc5 regulates Cdc14 activation as
part of MEN via Bfa1 phosphorylation, but also in parallel
to MEN.
We have been able to show that Cdc5 is phosphorylated
in vivo at residues T70, T238, and T242 and that Cdc5 phos-
phorylation is dependent on Cdk1 activity. In addition, we
have shown that Cdk1 activity is required for phosphorylation
at T70 and T242 in vivo. Our Cdc5 ectopic expression experi-
ments showed that phosphorylation at three sites (T70, T238,
and T242) is required to promote Cdc14 release from the nucle-
olus, although lack of phosphorylation at T242 alone already
impaired Cdc14 activation. Cdk1 phosphorylation at T242
was already known to be required for Cdc5 activation (Morten-
sen et al., 2005). Therefore, the results obtained with the
T242A mutant may reflect the loss of Cdc5 kinase activity.
However, the other residues are also important for Cdc14
activation, as observed on induction of the triple cdc5-3A
mutant. T238 and T70 also contribute to the kinase activity of
Cdc5, as shown in our kinase assays (Figure 2C). T238 is
part of the activation loop at the active site of Cdc5, which
might explain the reduction of the Cdc5 kinase activity in the
T238A mutant. T70 is not within the kinase domain, but also
alters the Cdc5 kinase activity. Moreover, the cdc5T242A,
cdc5-3A, and cdc5-4A mutants are lethal, and cdc5T70A pre-
sented impaired viability (Figure S5A). These results are in
agreement with phosphorylation at T242 and T70 being the
most relevant during mitosis.
When introduced at endogenous levels, our results are consis-
tent with phosphorylation at T70 being more important for MEN-
Cdc5 function, while phosphorylation at T238 and T242 better
reflects the role of FEAR-Cdc5. Phosphorylation at T242 may
also be important in regulating Cdc5 degradation, since expres-
sion of the cdc5T242EE mutant rescues the Cdc14 release
defects of the cdc5-as1mutant, even though the cells are still ar-
rested in late anaphase. It has been previously proposed that
degradation of Cdc5 is required for exit from mitosis (Visintin
et al., 2008).
The T238 and T242 residues of Cdc5 are part of the activation
loop within its active site. The T238 is the homolog of T201 of
Xenopus laevis Plx1, whose phosphorylation is also regulated
by that of Ste20 (Qian et al., 1998a, 1998b). T238 is not a Cdk1
consensus site, suggesting that another kinase may also be
involved in phosphorylating Cdc5. On the other hand, T242 cor-
responds to a residue highly conserved during evolution—the
T210 of Plk1. Aurora A-Bora is responsible for T210 phosphory-
lation (Macurek et al., 2008; Seki et al., 2008), although it has
been suggested that another kinase may be needed to sustain
this (Chen et al., 2007; Lan et al., 2012). Polo-like kinases are
overexpressed in several types of cancer, and their overexpres-
sion is associatedwith poor prognosis (Smith et al., 1997). On the
other hand, Plk depletion promotes mitotic arrest and apoptosis
(Guan et al., 2005; Reagan-Shaw and Ahmad, 2005; Reindl et al.,
2009). Cancer cells are especially resistant to apoptosis (Lane
and Nigg, 1996; Sumara et al., 2004), making the members of
Plk family a good target for cancer treatments (Le´na´rt et al.,
2007; Steegmaier et al., 2007). Basic studies of polo-like kinases
will be of beneficial importance for their use as an oncogenic
target.
EXPERIMENTAL PROCEDURES
Yeast Strains, Plasmids, and Cell-Cycle Synchronization
Procedures
Complete information of the strains used in this study is listed in Table S4. Cell
synchronization using a-factor and metaphase arrest by Cdc20 depletion and
entry into synchronous anaphase by Cdc20 reintroduction were performed as
previously described (Queralt and Uhlmann, 2008b).
Net1 and Bfa1 Bacterial Purification
Net1-(aa1-600)-His protein was expressed in Escherichia coli (BL21) and puri-
fied by nickel affinity with Ni-NTA-agarose beads (QIAGEN). Protein was
eluted with 250 mM of imidazole and dialyzed to remove the imidazole. The
MBP-Bfa1 protein was purified using amylose-resin (Biolabs).
Immunoprecipitation, Cdc14 Phosphatase Assay, and Kinase
Assays
The immunoprecipitation assay was performed as previously described
(Queralt and Uhlmann, 2008b). The phosphatase assays were performed
as previously described (Baro et al., 2013). For the Cdc5 and Dbf2 kinase
assays, myc epitope-tagged Cdc5 and Dbf2-Pk were immunopurified on
protein-A Dynabeads, respectively. Phosphorylation was detected by ProQ-
Diamond staining (Life Technologies) in accordance with the manufacturer’s
instructions.
Phosphoproteomic Analysis
The phosphopeptides were analyzed in a nanoAcquity liquid chromatographer
(Waters) coupled to a LTQ-Orbitrap Velos (Thermo Scientific) mass spectrom-
eter. Peptide identification was performed using ProteinScape (v.3.1.2.450;
Bruker).
Statistical Analysis
When indicated data are represented asmean ± SD. All experiments were per-
formed at least three times. A representative experiment is shown.
A more detailed version of the experiments is included in the Supplemental
Experimental Procedures.
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